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The hypothesis that the enteric bovine calici-like virus Newbury agent (NA-2) belongs to the family Caliciviridae was
examined by genome sequence analysis. Use of solid-phase immune electron microscopy allowed samples with good levels
of virus to be identified and amplification of the genome was achieved by reverse transcription–polymerase chain reaction.
Examination of a 216-amino-acid sequence in the RNA-dependent RNA polymerase gene and a 116-amino-acid sequence in
the capsid gene showed that NA-2 had the closest deduced amino acid identity (77 to 80% for the polymerase region and
67 to 73% for the capsid region) to the morphologically indistinguishable human SRSVs (small round structured viruses) of
genogroup 1, which are classified as members of the Caliciviridae. It had a weak relationship (,34.5% deduced amino acid
identity) in both the polymerase and the capsid regions to animal caliciviruses, all of which have classical morphology. This
is the first genomic data from a nonhuman virus with SRSV morphology. It confirms the hypothesis that the bovine enteric
calici-like virus NA-2 is a member of the family Caliciviridae and endorses the observation to date that viruses with SRSV
morphology are genomically distinct.
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cViruses described as caliciviruses, small round struc-
ured viruses (SRSVs), Norwalk-like viruses, or calici-like
iruses have been associated with enteric disease of
uman (10, 18, 19), cattle (1, 7, 13, 16, 17, 27), and pigs (6,
3). Much progress has been made with the human
iruses in recent years by the application of genomic
pproaches, in contrast to the animal viruses (3, 9, 15,
2). Initially, two morphological groups of human viruses
ere recognized based on the degree of surface struc-
ure that particles exhibited in the electron microscope,
hose with classical calicivirus morphology and those
escribed as SRSVs (8). Viruses with SRSV morphology
ave been identified in only one other animal species,
attle, and by only a limited number of investigators, in
he United Kingdom and Germany (1, 7, 13, 16, 17, 27). The
iruses were termed calici-like viruses or Newbury
gents. They were shown to cause diarrhea in experi-
ental calves and to be associated with outbreaks of
alf diarrhea (7, 27) but have remained uncharacterized
s they have not been cultured in vitro, they are difficult
o find in feces, and nothing is known about their
enomic composition.
1 Sequence data from this article have been deposited with the
enBank Data Library under Accession Nos. AF097917 and AF097918.
2 To whom correspondence and reprint requests should be ad-lressed. Fax: 0171 388 2342. E-mail: jbridger@rvc.ac.uk.
1Caliciviruses with classical morphology are well-
nown pathogens of animals, causing respiratory, sys-
emic, and skin diseases (11). Genomic analyses of the
D RNA-dependent RNA polymerase and capsid hyper-
ariable regions separated animal caliciviruses into dif-
erent genomic groups from the SRSVs and classical
uman enteric viruses (4). It is unknown to which group,
f any, the bovine enteric calici-like viruses with SRSV
orphology belong. In the present study, we report the
se of solid-phase immune electron microscopy to iden-
ify suitable samples for study and we correlate the SRSV
orphology of the bovine calici-like virus Newbury
gent-2 [NA-2 (7, 27)] with the genomic sequence of
egions of the RNA-dependent RNA polymerase and cap-
id genes. Thus, the hypothesis that the bovine calici-like
irus NA-2 is a member of the family Caliciviridae was
xamined and the concept that enteric viruses with SRSV
orphology are genomically distinct was examined for
he first time with a virus from an animal species other
han human.
Three gnotobiotic calves ages 35 to 52 days were
noculated orally with fecal emulsions prepared from
notobiotic calves inoculated previously with NA-2 [orig-
nally named Newbury agent SRV-2 (7, 27); cryptogram
o/Newbury-2/76/UK]. Two calves (1430 and 2043) re-
eived stored inocula while the third (2016) was inocu-ated with a fecal emulsion from calf 1430. Clinical pa-
0042-6822/99
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2 RAPID COMMUNICATIONameters were monitored and fecal samples were col-
ected daily and stored at 4°C.
Solid-phase immune electron microscopy (SPIEM)
as performed using an immunoglobulin concentrate
repared by D. Harkins (Moredun Research Institute,
dinburgh) from a convalescent antiserum from a gno-
obiotic calf that received the NA-2 inoculum. The anti-
erum had been shown to be free of antibodies to group
rotavirus and bovine astrovirus (J. C. Bridger, personal
bservation). Briefly, formvar, carbon-coated grids were
ncubated with a 1:40 dilution of the immunoglobulin
oncentrate, washed, and then incubated with the test
ample. Grids were examined after negative staining
ith 2% PTA, pH 6.0, in a Jeol 1200 EX electron micro-
cope (A. M. Dastjerdi, D. R. Snodgrass, J. Plummer, and
. C. Bridger, in preparation). Duplicate grids were pre-
ared for each sample and particle numbers were
ounted in five fields (at 50,0003 instrumental magnifi-
ation) in each of three grid squares on duplicate grids.
article sizes were determined by measuring two diam-
ters at right angles to each other for eight particles
sing catalase crystals (Boehringer Mannheim Corp.) in
he same microscope field as an internal standard.
RNA was extracted by a method adapted from Boom et
l. (5) from 10 to 25% suspensions of day 0 and day 2
ostinoculation (p.i.) fecal samples. The RNA was re-
erse transcribed using random primers (PdN6; Pharma-
ia Biotech) and PCR was performed on the cDNA with
everal primer pairs including the four primer pairs NI/E3
14), P69/35 (20), and P69/E3 and Ando/E3 based on the
NA-dependent RNA polymerase region of human
RSVs and animal caliciviruses. The Ando primer (59
TG AAC AGY ATA AAY CAY TGG) was derived from
rimers SR48, SR50, and SR52 used by Ando et al. (2).
CR amplicons were analyzed by agarose gel electro-
horesis and transferred to nylon membranes for South-
rn blot hybridization with a pool of five oligonucleotide
robes (21). PCR products were cloned into the pUAg
ector (R & D Systems) and nucleotide sequences were
etermined by cycle sequencing and an automated se-
uencer. The consensus sequence of 183 nucleotides
as derived from two clones of the p69/35 amplicon and
wo clones of the NI/E3 amplicon, all sequenced in both
irections. The 59 end of the 183-nucleotide sequence
as extended with primer 35 and the 59 RACE system
Gibco BRL). The 39 end of the 183 sequence was ex-
ended by generating cDNA with SuperScript II (Gibco
RL) using linker T20VN and seminested PCR using the
inker primer and NA-2-specific primers. Products were
loned using the TOPO TA cloning kit (Invitrogen) and
equenced. The sequences of the cloned viral cDNAs
nd deduced amino acids were analysed using the Se-
ed program (Applied Biosystems) and the DNASTAR
equence analysis package (DNASTAR, Inc., Madison,
I). Phylogenetic analyses were performed by distancend parsimony methods using the seqboot, DNAdist, irotdist, Protpars, Fitch, and Consens elements of the
HYLIP package (12) and by maximum likelihood using
uartet puzzling (25). Published sequences used in the
nalyses were Norwalk 8FiiA/68/US (Accession No.
87661), Desert shield 395/90/Saudi Arabia (U04469),
outhampton/91/UK (L07418), KY-89/89/J (L23828), Snow
ountain/76/US (L23831 and U70059), Mexico/89/Mex-
co (U22498), Lordsdale/93/UK (X86557), Bristol/93/UK
B493) (X76716), Hawaii/71/US (U07611), Toronto/91/Can-
da (TV24) (U02030), OTH-25/89/J (L23830), Sapporo/82/
apan (U65427), Houston 27/90/US (U95643), Manches-
er/93/UK (X86560), Plymouth/92/UK (X86559), bovine
alicivirus Bos-1 (Tillamook) (U18741), feline caliciviruses
FCV) F9, F4, and CFI/68 (Z11536, D90357, and U13992),
abbit hemorrhagic disease virus (RHDV) (M67473), Eu-
opean brown hare syndrome virus (EBHSV) (U09199),
an Miguel sea lion viruses (SMSV) -13, -15, and -17
U52005, U52087, U52088, and U52094), and vesicular
xanthema of swine virus (VESV) A48 (U18737 and
76874).
SPIEM identified virus particles in the feces on the
econd day p.i. with an average of 93 6 12.6 and 96 6
0.9 particles per field in two (1430 and 2016) of the three
notobiotic calves. Particle numbers then fell sharply to a
ean of 12 6 4.6 and 0.6 6 0.8 particles per field on day
p.i. In the third calf (2043), only small numbers of virus
articles were observed in all the fecal samples exam-
FIG. 1. Particles of NA-2 trapped by SPIEM in the day 2 p.i. fecal
ample used for genomic analysis. Inset shows a particle with surface
rojections. Bar indicates 100 nm (50 nm in inset).ned with a maximum of 1.5 6 1.8 particles per field on
d
w
t
p
1
s
p
(
s
v
d
u
f
w
h
a
1
P
q
o
s
N
A
n
s
a
o
d
p
m
p
i
f
c
g
i
S
l
S
w
a
h
n
s
(
A
T
(
i
a
a
g
a
g
O
S
o te iden
3RAPID COMMUNICATIONay 3 p.i. In two calves, peak virus excretion coincided
ith the first fecal changes while in the third it occurred
he day before. Particles were indistinguishable from
ublished micrographs of bovine calici-like viruses (1, 7,
3, 16, 17, 27) and human SRSVs (8) with an indefinite
urface structure, unlike classical caliciviruses, but with
rojections at their periphery on occasional particles
Fig. 1). The mean particle diameter of 39.5 6 2.2 nm was
imilar to that reported previously (27). No other types of
irus particles were identified in the fecal samples. The
ay 2 fecal sample with 96 NA-2 particles per field was
sed in attempts to amplify the genome.
In initial experiments, amplicons were obtained with
our primer pairs, NI/E3, Ando/E3, P69/E3, and P69/35,
hich have been used to amplify human SRSVs. They
ad intensity similar to that of a positive control sample
nd were of the expected sizes, being in the region of
13 bp with NI/E3, 115 bp with Ando/E3, 160 bp with
69/E3, and 241 bp with P69/35, including primer se-
uences. Southern blot hybridization with a pool of five
ligonucleotide probes to human SRSVs gave a strong
ignal with the positive control sample but the NI/E3
A-2 amplicon hybridized poorly and the weaker
ndo/E3 NA-2 amplicon gave no signal. Amplicons were
ot obtained with a day 0 fecal sample taken from the
ame calf or with a fecal sample containing a second
ntigenically unrelated bovine virus with SRSV morphol-
gy (7; A. M. Dastjerdi, unpublished observations). The
FIG. 2. CLUSTAL alignment of the NA-2 deduced 216-amino-acid pol
RSVs, classical human enteric caliciviruses, and animal caliciviruses
btained with the P69/35 primer is indicated by asterisks. Dots indicaeduced 61-amino-acid sequence derived from the intra- srimer region of the P69/35 amplicon included the YGDD
otif (Fig. 2) characteristic of the RNA-dependent RNA
olymerase of the Picornaviridae and Caliciviridae fam-
lies. Alignment of the 61-amino-acid region with that
rom other members of the Caliciviridae showed that the
losest relationship was with human SRSVs of geno-
roup I: 81 to 85% amino acid (73 to 75% nucleotide)
dentity when compared to Norwalk, Desert Shield,
outhampton, and KY89 viruses. It showed a slightly
ower sequence identity to the human genogroup II
RSVs: Snow Mountain, Mexico, Lordsdale, Bristol, Ha-
aii, Toronto, and Oth-25 viruses (74 to 79% amino acid
nd 68 to 72% nucleotide identity). The NA-2 sequence
ad the weakest relationship: up to 28% amino acid (39%
ucleotide) identity, with animal caliciviruses with clas-
ical morphology isolated from outside the enteric tract
FCV F9, F4, and CFI/68, SMSV-13, -15, and -17, VESV
48, RHDV, EBHSV, and the bovine calicivirus Bos-1
illamook) and the classical human enteric caliciviruses
Sapporo, Houston, Manchester, and Plymouth).
The extended polymerase sequence of 216 amino ac-
ds (648 nucleotides) contained a GLPSG motif (Fig. 2)
nd confirmed the above relationships. It had a 77 to 80%
mino acid (68 to 70.5% nucleotide) identity to the geno-
roup I human SRSVs described above and 66 to 69%
mino acid (63 to 64% nucleotide) identity to the geno-
roup II viruses Mexico, Lordsdale, Bristol, Toronto, and
TH-25. The weak relationship to caliciviruses with clas-
e sequence with the corresponding regions of the genomes of human
LPSG and YGDD motifs are underlined. The 61-amino-acid sequence
tity to the NA-2 sequence; dashes indicate gaps.ymeras
. The Gical morphology, including animal caliciviruses, was
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4 RAPID COMMUNICATIONonfirmed. There was 33% amino acid (42% nucleotide)
dentity to the human enteric calicivirus Manchester and
4 to 34.5% amino acid (31 to 41.5% nucleotide) identity to
nimal caliciviruses (FCV F9, F4, and CFI/68, RHDV,
ESV A48, and bovine calicivirus Bos-1 Tillamook) iso-
ated from outside the enteric tract. The 116-amino-acid
egion of the capsid gene (comparable to nucleotide
ositions 5448 to 5796 of the Norwalk genome) sup-
orted the above finding that the bovine virus was more
losely related to the human SRSVs than animal calici-
iruses with 67.2 to 73.3% amino acid (57 to 61% nucle-
tide) identity to the human SRSVs of genogroup I, 56.9 to
4.7% amino acid (49.9 to 52.1% nucleotide) identity to
uman SRSV genogroup II, and 21.8 to 30.6% amino acid
26.9 to 30.9% nucleotide) identity to human and animal
aliciviruses with classical morphology. Phylogenetic
nalyses using a parsimony method (Protpars, PHYLIP)
nd based on the polymerase and capsid sequences
roduced the same phylogenetic groupings as observed
reviously by Berke et al. (4) (Fig. 3). NA-2 fell within the
roup composed of human SRSVs, not animal calicivi-
uses, and was found on the branch with SRSV geno-
roup I viruses. This phylogenetic grouping of NA-2 with
enogroup I human SRSVs was confirmed by both the
istance and the maximum likelihood-based analyses
data not shown) and was supported by bootstrap values
f .95%.
Thus, sequence analysis of regions of the polymerase
FIG. 3. Phylogenetic analyses, produced by the Protpars program of t
f NA-2 and (b) the deduced 116-amino-acid capsid sequence, with the
nteric calicivirus Manchester, and animal caliciviruses. Only partial se
ESV A48 and the bovine calicivirus Bos-1Tillamook.nd capsid genes demonstrated the closest relationshipf the bovine calici-like virus NA-2 with the morphologi-
ally indistinguishable human SRSVs, which are classi-
ied as members of the Caliciviridae, supporting the
ypothesis that NA-2 belongs to the family Caliciviridae.
he concept that enteric viruses with calici-like (SRSV)
orphology are genomically distinct (4) was also sup-
orted, for the first time with a virus from an animal
pecies other than human. NA-2 showed the closest
elationship to the genogroup I human SRSVs but it
epresented a novel sequence dissimilar to all known
uman sequences. It is likely that viruses with SRSV
orphology exist in additional animal species. Recently,
orwalk-like virus genes were detected in porcine cecal
ontents but the virus was not visualized (26).
SPIEM greatly improved detection of the bovine virus
y electron microscopy. Previously, only occasional par-
icles or clumps of particles were observed in feces from
alves infected naturally or experimentally (7, 27). SPIEM
ighlighted the short period over which detectable levels
f virus could be found. Early samples were essential.
he difficulty of obtaining early samples under natural
onditions may explain why bovine enteric caliciviruses
re not widely recognized. SPIEM also had the advan-
age that it did not obscure virus morphology. Only calici-
ike virus particles were identified in the fecal samples
sed for the genomic analysis, making it highly likely that
he observed sequence was related to the virus particles
bserved.
LIP package, of (a) the deduced 216-amino-acid polymerase sequence
onding regions of the genomes of human SRSVs, the classical human
s (see Fig. 2) were available for the region of the polymerase gene ofhe PHY
corresp
quenceFurther studies are required to determine the extent of
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5RAPID COMMUNICATIONenomic diversity within the bovine enteric caliciviruses
ith SRSV morphology and their relationship to the mor-
hologically similar viruses of human.
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